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Transfer RNA (tRNA) molecules are highly conserved in length, sequence and structure in order to be
functional in the ribosome. However, mostly in archaea, the short genes encoding tRNAs can be
found disrupted, fragmented, with permutations or with non-functional mutations of conserved
nucleotides. Here, we give an overview of recently discovered tRNA maturation pathways that
require intricate processing steps to ﬁnally generate the standard tRNA from these unusual tRNA
genes.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Transfer RNAs (tRNAs) are small RNA molecules that transfer
amino acids to a growing polypeptide chain within the ribosome.
This essential role necessitates that the different tRNA species
are divergent enough to allow speciﬁcity for their cognate amino-
acyl-tRNA synthetase which ensures the correct pairing of amino
acids and tRNAs [1]. These crucial differences between tRNA spe-
cies are manifested in speciﬁc sets of recognition elements within
the sequence and structure of tRNA species that together deﬁne
their identity.
On the other hand, all tRNA molecules need to be similar en-
ough to be recognized by the translation elongation factors and
to ﬁt into the tRNA binding sites of the ribosome. Thus, all canon-
ical tRNAs have a comparable length of approximately 74–95
nucleotides (nt) and fold into a similar secondary (‘‘cloverleaf”)
and tertiary structure (‘‘L-shape”). This is ensured by the ﬁxed
length of the tRNAs molecules’ stems and loops and by conserved
nucleotides that form secondary and tertiary base interactions.
Transcription of tRNA genes generates precursor-tRNAs (pre-
tRNAs) that need to be processed, e.g. trimmed at both termini,
and modiﬁed to produce a mature, functional tRNAmolecule. Thus,
the most straight-forward way to obtain functional tRNAchemical Societies. Published by E
Heinemann), dieter.soll@ya-molecules is a genome with simple short tRNA genes that allow
the direct production of a precursor transcript that after cleavage
of 50 leader and 30 trailer has the sequence of the mature tRNA.
However, mainly in archaea within the last few years a surprising
number of differently re-arranged and interrupted tRNA genes
were discovered that often require complex processing to generate
the ﬁnal standard tRNA product. Here, we will give an overview of
unusual tRNA processing events in archaea, and concentrate on un-
ique tRNA gene rearrangements, and the enzymes and steps that
are needed to create a continuous tRNA sequence. As this ﬁnal
tRNA sequence could have been directly encoded in the genome,
it is necessary to analyze why these ‘‘puzzle” steps were main-
tained or introduced during evolution.
2. Diverse introns in tRNA genes
The notion that the sequence of a tRNA gene can contain ele-
ments which are not represented in the mature RNA transcripts
was ﬁrst put forth in 1977 with the discovery of introns within
yeast tRNA [2,3]. It was established that nuclear tRNA genes of
eukaryotes can contain one intron that is always located at a ﬁxed
position between the two nucleotides (37/38 in the standard
nomenclature) following the anticodon. This required positioning
allows splicing by the eukaryotic splicing endonuclease. The endo-
nuclease recognizes the body of the mature tRNA and uses a so-
called ‘‘ruler-mechanism” to measure the distance towards the
cleavage site [4]. While these cleavage sites are located within
unpaired regions with little sequence conservation, it becamelsevier B.V. All rights reserved.
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tion by forming an important anticodon-intron base-pair adjacent
to the 30 cleavage site [5].
Bacterial tRNA genes can contain a different type of introns
within the anticodon region, namely the group I intron [6,7]. These
self-splicing catalytic RNAs carry out both phosphodiester-cleav-
age and ligation reactions which remove non-coding intronic se-
quences and join the mature tRNA sequences [8].
The third domain of life, the archaea, displays the most intron
insertions in tRNA genes. It is estimated that approximately 15%
of all archaeal tRNA genes contain introns and members of the
archaeal order Thermoproteales can contain introns in about 70%
of their tRNA genes [9,10]. These introns vary in size between 16
and 44 nucleotides and can be inserted at various positions andFig. 1. Schematic overview of precursor-tRNAs that require splicing endonuclease proc
motif (boxed) and cleaves the disruptive sequences (oranges) from the tRNA exons (blue)
transcripts. The permuted tRNA contains an intervening sequence (green) that connects
RNase P and tRNase Z.some tRNA genes even contain two or three introns (Fig. 1) [11].
Most tRNA genes with two introns and all tRNA genes with three
introns are found in the genomes of Thermoproteales. Here, among
the most extreme cases are the tRNA genes of Thermoﬁlum pendens
and Pyrobaculum calidifontis of which 87% include introns and half
of these genes have more than one intron [10]. It is important to
note that these introns display an unusual degree of conservation.
For example, identical introns are located at positions 22/23 and
43/44 of the tRNAAsn (GTT) and tRNAIle (GAT) genes in T. pendens
or at position 53/54 of tRNAPro (TGG) and tRNAAla (TGC) genes in
P. calidifontis, even though the tRNA bodies of these two species
show clear differences [10]. It is tempting to speculate that this de-
gree of conservation indicates a late acquisition of these introns as
these disruptive sequences should be allowed to mutate at anessing. The archaeal-type splicing endonuclease recognizes the Bulge-Helix-Bulge
. Different shades of blue indicate the assembly of the precursor-tRNA from different
the 30 portion of the tRNA that with its 50 half. This sequence is possibly excised by
I.U. Heinemann et al. / FEBS Letters 584 (2010) 303–309 305equal or even faster rate than the exons containing the mature
tRNA sequences.
The described propagation of introns is made possible by an in-
tron-cleavage reaction that does not follow the eukaryotic ruler-
mechanism and is independent of the tRNA body. The hallmark
structure for archaeal introns is the Bulge-Helix-Bulge (BHB) motif;
two three nucleotide bulges on opposite sides of a central four
nucleotide helix. The independence of this motif to function as a
splicing determinant is exempliﬁed by the presence of BHB-type
introns even within ribosomal RNA and messenger RNA [12–14].
3. The archaeal splicing endonuclease
A BHB-motif is recognized by the archaeal splicing endonucle-
ase which cleaves the intron-exon junction within each bulge.
Interestingly, this mode of splice site recognition is still functional
in eukaryotic splicing endonucleases [15,16]. The allowed variance
of tRNA intron position and BHB sequence and structure conserva-
tion differs among the three archaeal kingdoms and co-evolved
with different archaeal splicing endonuclease families [17,18].
Most Euryarchaeota contain either homotetrameric or homodi-
meric enzymes that require a more conserved BHB-motif than
the heterotetrameric enzymes found in Crenarchaeota. Here, the
relaxed BHB-motifs sometimes contain only one 3 nucleotide bulge
and splicing occurs even in two or four nucleotide bulges [9,19].
Also, the more frequent occurrence of multiple introns and introns
at locations other than the anticodon can be linked to the emer-
gence of this heterodimeric enzyme variant.
Crystal structures have been solved for representative enzymes
from all three families [17,20–22]. The crystal structure of a
homodimeric splicing endonuclease bound to its substrate RNA
containing a BHB-motif has also been obtained (Fig. 2) [23]. These
structural studies helped to reveal the structural and catalytic sim-
ilarities among splicing endonucleases.
All tRNA splicing endonucleases form a similar four subunit
quaternary structure with the subunits of the homodimeric variant
being nearly twice the size of the homotetrameric enzyme. These
four units display two active sites located approximately 27 Å
apart from each other, which corresponds with the distance be-
tween the two cleavage sites in BHB RNA substrates. The three
bulge nucleotides are ﬂipped out of their usual stacking positions
and the ﬁrst bulge nucleotide is sandwiched between two con-
served arginine residues. The splicing endonuclease contains con-
served tyrosine, histidine and a lysine residue in their catalytic
triad and produces 20,30-cyclic phosphate and 50-hydroxyl termini
which suggests that its cleavage mechanism is highly similar toFig. 2. Crystal structure of the homodimeric splicing endonuclease from A. fulgidus
in complex with a Bulge-Helix-Bulge RNA substrate. The two active sites (one in
each subunit) of the splicing endonuclease cleave the two bulges of the BHB RNA
substrate (pdb id 2gjw). The bulges are indicated in red and the central helix is
indicated in orange.RNase A catalyzed cleavage. The tyrosine residue facilitates depro-
tonation of the 20-nucleophilic oxygen, and histidine acts as the
general acid donating a proton to the 50 leaving group (for a more
detailed review see [24]).
Very recently, the unique acceptance of relaxed motifs of the
heteromeric enzyme was analyzed and structures fromNanoarcha-
eum equitans and Pyrobaculum aerophilum were obtained [21,22].
The catalytic subunit is inactive unless oligomerized with a second,
structural subunit. A protein engineering experiment converting
an inactive catalytic subunit of the heterotetrameric enzyme into
a monomer of a homotetrameric splicing endonuclease restored
its catalytic activity and demonstrated, that this subunit contains
all of the features responsible for the broad substrate speciﬁcity
[25]. Similarly, this speciﬁcity was preserved even when the struc-
tural and the catalytic subunits of the heterotetrameric variant
were fused, which converted the enzyme into a homodimer [22].
A unique loop in the crenarchaeal heteromeric enzyme is sug-
gested to play an important role in splicing activity [22] However,
deletion of this loop rendered the enzyme inactive even towards
canonical BHB-motifs. Thus, speciﬁcity differences might be mani-
fested in the active site of the catalytic subunit. Indeed, the active
site analyzed in the structure of the N. equitans endonuclease con-
tains an altered conformation of the catalytic histidine and tyro-
sine residues and a slightly larger catalytic pocket compared to
the Archaeoglobus fulgidus enzyme [21]. It is anticipated that a
co-crystal structure of the heteromeric enzyme with a relaxed
BHB RNA substrate will provide further insights into the differ-
ences of this protein-RNA interaction among the three archaeal
endonuclease families.4. Split and tri-split tRNA genes
A different type of disrupted tRNA gene was discovered in 2005
in N. equitans [26,27]. The tiny and compact genome of this organ-
ism contains 34 continuous tRNA genes and four tRNA genes with
introns, but for six essential tRNA isoacceptors a tRNA gene could
not easily be identiﬁed by tRNA gene scanning algorithms. Surpris-
ingly, the tRNAs were found to be pieced together from individu-
ally expressed tRNA halves. The tRNA half genes possess their
own promoter, are not required to be located in the vicinity of their
matching half and can even be located on different strands. The
split tRNAGlu isoacceptors presented a special case as the two 50
tRNA halves (with anticodons CUC and UUC) are matched with
only one 30 tRNA half. Analysis of the processing pathway required
to generate standard tRNA from the tRNA halves revealed a striking
similarity to the processing of tRNA introns. Each 30 tRNA half is
preceded by a leader sequence that is the exact reverse comple-
ment to a sequence that is located downstream of its matching 50
tRNA half (Fig. 1). These sequences are expected to form an up to
14 nt long helix that is thought to mediate the initial joining and
folding of the tRNA halves. Structural sequences were observed
at the junctions between this helix and the tRNA that strongly sug-
gest the presence of relaxed BHB-motifs [27]. The location of the
split is in most cases between the bases 37 and 38, which is also
the position of canonical introns. Biochemical experiments veriﬁed
that the heteromeric N. equitans splicing endonuclease is able to
cleave these motifs in addition to processing pre-tRNAwith introns
[18,19]. Thus, both splicing in cis and in trans occurs in the same
organism. The generated splicing products could be ligated to form
the correct mature tRNA [21].
In 2009, further instances of split tRNA genes were identiﬁed in
the archaeon Caldivirga maquilingensis [28]. Again, helices are
formed between the tRNA halves that mediate joining, and
BHB-motifs that allow the trans-splicing of these tRNAs are
present. The split tRNA isoacceptors differ between N. equitans
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Most surprisingly, in C. maquilingensis a more complicated event
of trans-splicing was discovered that involves three tRNA frag-
ments to be puzzled into the mature tRNAGly (UCC) and tRNAGly
(CCC) (Fig. 1). Here, one 30 half fragment is used for both of these
tRNA isoacceptors and also tRNAGly (CCC) that is split into the
‘‘standard” two fragments. Two very small 12 nt tRNA fragments
containing the respective anticodons are inserted between the uni-
versal 30 tRNAGly half and the shortened 50 tRNAGly fragment
(Fig. 1). The genes for these small tRNA pieces also contain their
own promoter and ﬂanking sequences, that are able to base-pair
with the extensions found in the 50 and 30 tRNA halves.
Where do these small tRNA fragments come from? The pres-
ence of BHB-motifs and the location of the split of tRNAs (either
the canonical 37/38 or the thermoproteales-speciﬁc intron position
25/26) implies an evolutionary relationship with tRNA introns. In-
deed, there is some sequence evidence for this relationship. The
leader sequence of the 50 tRNA half of N. equitans tRNALys contains
50% identity with the intron from P. aerophilum tRNAArg that dis-
rupts the tRNA gene at the same position [29]. Also, the tRNA in-
tron of tRNAAla (TGC) from Pyrobaculum islandicum shares 90%
sequence identity with the leader sequences of the two 30 tRNAAla
(CGC/TGC) isoacceptor halves [28].
The limited number of known split tRNA genes does not allow us
to clearly determine which tRNA disruption (introns or split tRNAs
joined by intervening matching sequences) preceded the other. It
has been hypothesized, that split tRNA genes represent the ancient
form of tRNA gene organization [30]. On the other hand, split tRNA
genes might have emerged from genome rearrangements at intron-
containing tRNA genes. It should be noted, that one split tRNA gene,
the 30 tRNA half gene corresponding to both N. equitans tRNAGlu iso-
acceptors is located directly adjacent to a fast-evolving clustered
regularly interspaced short palindromic repeat (CRISPR) element.
Thus, insertion and excision of CRISPR elements could have been
one factor in the spreading of tRNA halves.5. Permuted tRNA genes
Yet anotherway to disrupt tRNA geneswas discovered in 2007 in
the nuclear genome of the red alga Cyanidioschyzon merolae [31].
Here, the tRNA genes are also fragmented into 50 and 30 tRNA halves
which are, however, found inverted within a single gene. Thus, the
promoters are followed by the 30 tRNA half preceding its matching
50 tRNA half. Surprisingly, the processing mechanism resembles
splicing and trans-splicing in archaea. An intervening sequence be-
tween the two halves allows the tRNA to fold, generating a BHB-like
motif at their termini (Fig. 1). This motif can then be processed by
the splicing endonuclease which generates a circular intermediate.
After removal of the intervening sequence (e.g. by RNase P and tRN-
ase Z), the mature tRNA is assembled. In total, 10 tRNA genes are
found permuted in C.merolae. In six of these genes, the BHB contain-
ing sequences are again inserted one nucleotide downstream of the
anticodon implying an evolutionary relationship with introns. Fur-
ther proof for this notion is that one permuted tRNA gene (tRNALeu
(UAA)) is not only processed into a circular intermediate by splicing
a BHB-motif in its D-loop but also contains a BHB-motif intron in its
anticodon loop. The ﬁnal two permuted tRNA genes are processed at
their T-loop. The occurrence of BHB-motifs indicates an intriguing
similarity to archaeal tRNA processing and we might soon ﬁnd
instances of permuted tRNA genes in archaea.6. C-to-U editing in Methanopyrus kandleri
Sometimes smaller changes are required to change the se-
quence of the initial pre-tRNA transcript into the sequence of themature tRNA. These changes include the maturation of 50- and
30-termini or even editing of bases within the pre-tRNA. C-to-U
editing has recently been discovered to overcome the presence of
a mutation that would otherwise impair the proper folding and
functionality of tRNAs in M. kandleri. Currently, this organism has
the only sequenced genome in which the majority of tRNA genes
(30 out of 34) contain a C at position 8 which otherwise is a highly
conserved U8 that, in the mature tRNA, forms a structurally impor-
tant tertiary base-pair with A14 (Fig. 3A) [32]. Initially, it was
thought that M. kandleri might tolerate tRNAs with this unusual
mutation, but the sequencing of mature tRNAs showed the pres-
ence of the standard U8. An enzyme was identiﬁed and character-
ized that speciﬁcally converts C8 to U8 [33]. This enzyme was
named CDAT8 (for cytidine deaminase acting on tRNA base 8).
The dimeric crystal structure of CDAT8 revealed a modular domain
organization with a cytidine deaminase domain that is linked to a
THUMP domain (Fig. 3B). This domain mediates RNA binding and is
also found in other enzymes that act on the tertiary core of tRNA.
One example is an enzyme termed ThiI, which catalyzes the thio-
lation of U8. The fusion of a cytidine deaminase to this THUMP do-
main enabled C-to-U editing activity at position 8 and therefore
allowed the introduction of C8 mutations in tRNA genes. A search
for sequence or structural homologs of this enzyme revealed no
proteins with a similar architecture, thus classifying it as an or-
phan-protein so far only found in M. kandleri. This observation is
in agreement with the currently unique occurrence of C8 muta-
tions in tRNA genes. The isolated cytidine deaminase of CDAT8
was shown to belong to a unique family within the ‘‘cytidine
deaminase-like” superfamily. This domain has the same core struc-
ture as those of known cytidine deaminases such as APOBEC2 [34]
and APOBEC3G [35], yet is more compact.
It remains an intriguing question why such a mutation is bene-
ﬁcial to the cell, as clearly the U8, essential in the mature tRNA,
could easily be encoded in the tRNA gene. This implies that a
strong evolutionary pressure exists in M. kandleri that favours a
C8 in the steps leading towards the mature tRNA (either the tRNA
gene or tRNA-precursor without modiﬁcations or without proper
folding) and that competed with the evolutionary pressure for a
U8 in the ﬁnal tRNA product.7. The CCA-adding enzyme
Processing of pre-tRNAs is found in all three domains of life to
guarantee the generation and quality-check of the correct 50- and
30-termini of tRNA molecules. An important portion of each mature
tRNA is the 30 CCA end, the three 30-terminal bases required for the
aminoacylation by aminoacyl-tRNA synthetases and for peptide-
bond formation on ribosomes [36]. These CCA ends are not always
encoded in the tRNA genes but a CCA-adding enzyme [ATP
(CTP):tRNA nucleotidyltransferase] uses CTP and ATP as substrates
to construct or repair the tRNAs’ 30 CCA end [37]. This CCA-adding
enzyme is found in all three domains of life and is indispensable in
organisms that contain tRNA genes that do not include the CCA se-
quence. The archaeal CCA-adding enzymes belong to a different
class than the bacterial/eukaryotic proteins within the nucleotidyl-
transferase superfamily and show no homology outside of the cat-
alytic nucleotidyltransferase domain. Both classes have similar
dimensions and domain architectures with four domains termed
head, neck, body, and tail (Fig. 3C). The CCA-adding enzyme has
the remarkable ability to polymerize CCA onto the 30 terminus of
pre-tRNAs without a nucleic acid template. Crystal structures of
the A. fulgidus enzyme with different RNA substrates indicated that
the discrimination between CTP or ATP at each addition step arises
from changes in the size and shape of the single nucleotide binding
pocket that is progressively altered by the elongating 30 end of the
Fig. 3. C-to-U editing in M. kandleri and CCA addition in A. fulgidus. (A) 30 out of 34 tRNA genes in M. kandleri contain a C at position 8 as editing substrate for CDAT8. This
editing event ensures the formation of the important tertiary base interaction between U8 and A14 as indicated in the secondary structure of M. kandleri tRNAHis. (B) The
crystal structure of CDAT8 (pdb id 3G8Q) demonstrates the modular domain architecture of the editing enzyme. (C) The crystal structure of the A. fulgidus CCA-adding enzyme
(pdb id 2DRB) in complex with a minihelix substrate. The four domains and the CCA end are indicated.
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with each monomer binding one tRNA molecule with its body and
tail domains [39,40]. The 30-terminus of the tRNA is located in the
catalytic cleft formed by head and neck domains and the enzyme
tail domain ﬁrmly anchors the T-loop of the tRNA to ensures accu-
rate polymerization and termination [39,40] (Fig. 3C). It is sug-
gested that the 30-region of the tRNA is proofread after two
nucleotide additions at the AMP incorporation stage which is a pre-
requisite for the maintenance of ﬁdelity for complete CCA synthe-
sis [41].8. The tRNAHis
A different residue that is either encoded as part of the tRNA
gene or added post-transcriptionally is the unusual extra guano-
sine at the 1 position of the 50 end of tRNAHis. The unique
G-1:C73 base pair and the 50-monophosphate were shown to be
a major identity elements for the Escherichia coli histidyl-tRNA syn-
thetase [42]. Two different strategies are employed to ensure thepresence of G-1 and hence the recognition of tRNAHis by histidyl-
tRNA synthetase. In most bacteria, the G-1 residue is encoded in
the tRNA gene and preserved due to an unusual RNase P cleavage
(Fig. 4). Bacterial RNase P normally removes 50 leader sequences
from pre-tRNA molecules at tRNA base 1 but speciﬁcally cleaves
at the 1 position only in the pre-tRNAHis [43]. Eukaryotes use a
different strategy and add the crucial identity element post-trans-
criptionally after standard RNase P cleavage of the precurser tRNA-
His (Fig. 4). This G-1 adding enzyme is termed tRNAHis-guanylyl-
transferase (Thg1) and is best described in yeast [44,45].
Recently, this enzyme has also been discovered in archaea.
Here, the Methanosarcinales display a puzzling scenario, as at ﬁrst
glance it is not clear which of the two routes is chosen, since these
organisms encode a G-1 in their genomes, but also contain an open
reading frame for a Thg1 homolog. Recent studies in our laboratory
have shown that Methanosarcina acetivorans Thg1 is expressed
in vivo and is active in vitro on tRNA transcripts that lack G-1
and contain C73 [46]. Interestingly, the M. acetivorans Thg1 con-
tains a unique pyrrolysine residue, the rare 22nd amino acid,
which is not crucial for catalytic activity [46]. This observation
Fig. 4. Pathways to ensure the presence of G-1 in tRNAHis. The important G-1 of tRNAHis species is either (i) encoded in the gene and preserved due to an unusual RNase P
cleavage that removes the 50 leader at the 1 position (in most bacteria) or (ii) added post-transcriptionally by the tRNAHis-guanylyl-transferase (Thg1) (in eukaryotes). Both
pathways are found in archaea and some archaea contain a Thg1 even though G-1 is already present in the tRNAHis gene.
308 I.U. Heinemann et al. / FEBS Letters 584 (2010) 303–309indicates that there is some ﬂexibility in both the processing of
tRNAHis and the biochemical role of pyrrolysine.9. RNase P is missing in N. equitans
Finally, one surprising discovery was made in 2008 in N. equi-
tans, which was shown to currently be the only known organism
that can live without RNase P [47]. In archaea, RNase P, responsible
for the 50 maturation of tRNA, is a ribonucleoprotein that consists
of a catalytic RNA and up to four protein subunits. Both biochem-
ical and computational analyses did not identify any of these
RNase P components or split versions in the genome of N. equitans
[48]. This observation led to a number of questions as to how this
organism could compensate for their absence. One clue was ob-
tained by genome analysis that identiﬁed a strict promoter place-
ment generating tRNAs without 50 leader sequences and thus
eliminating the need for removal of these leaders by RNase P. In
addition, transcription initiation known to occur at purine residues
is ensured at the start of the tRNA gene by the addition of extra
purine residues at the 1 position. This includes the genes for
the initiator tRNA and tRNATyr, which requires a C at position 1
as an identity element for the tyrosyl-tRNA synthetase. It was
shown that RNase P cleavage with E. coli RNase P would remove
this extra 1 purine base. The absence of RNase P was substanti-
ated by showing triphosphorylated 50-termini of nanoarchaeal
tRNA molecules. It appears that the observed genome rearrange-
ments allowed the absence of RNase P in N. equitans. The extremely
small genome of N. equitans might indicate that the need for gen-
ome size reduction led to the loss of RNase P.10. Conclusion
With the emergence of new genomes and new genome annota-
tion tools, it became evident that many organisms do not follow
the straight-forward way of small continuous genes encoding
tRNAs. Instead, these genes can be disrupted, separated into two
or three fragments or even permuted. One thing in common in
all these cases is the presence of a splicing machinery that recog-
nizes the boundaries between the exons and the disruptive se-
quences and is able to splice these pre-tRNAs. The heteromeric
splicing endonuclease tolerates and processes relaxed BHB splicing
motifs at different positions within the tRNA. While the presence of
this splicing machinery ensures that the ﬁnal mature tRNA is func-
tional, the presence or necessity of these complicated tRNA gene
rearrangements is puzzling. We earlier proposed that the sole
function of any extra sequences within a pre-tRNAs is to disrupt
tRNA genes [49], as only very few tRNA introns appear long orstructured enough to have additional functions. One notable
exception is the intron in the Haloferax volcanii tRNATrp that medi-
ates the RNA-guided 20-O-methylations of C34 and U39 residues of
this tRNA [50].
Why would any form of disruption of tRNA genes be beneﬁcial
to the cell? We hypothesize that the utilization of large portions of
tRNA genes as attachment sites for integrative elements plays an
important role. For example, archaeal viruses use tRNA genes as
integration targets. These small and highly conserved RNA genes
constitute a convenient target and display less tolerance for muta-
tions compared to genes encoding proteins. The insertion and exci-
sion of integrative elements at tRNA genes might be responsible for
the creation of tRNA gene disruptions that occasionally destroys
the attachment site and thus provide the direct evolutionary
advantage of immunity against further integration events. It re-
mains to be seen if the occurrence of multiple disruptive elements
within one tRNA gene are an adaptation to viruses that evolved to
target tRNA with simple disruptions in the on-going battle be-
tween viruses and their hosts. The drastic increase in intron num-
bers in Thermoproteales might be explained by retrotransposition
events that are responsible for the insertion of identical introns
within different tRNAs [10]. Clearly, a deeper analysis of this
hypothesis requires the isolation and sequencing of further archa-
eal integrative elements.
Other archaeal single base processing events like the post-tran-
scriptional correction of U8-to-C8 mutations at this structurally
essential position remain to be functionally analyzed. It is plausible
that these reactions provide means of regulating tRNA maturation
and availability of functional tRNA molecules. It might be possible
that the required C-to-U editing is a checkpoint to ensure the cor-
rect order of tRNA folding and modiﬁcation including thiolation of
the U8 base.
A third group of enzymes that catalyze e.g. the addition of a G-1
residue in tRNAHis or also the addition 30-terminal CCA end, en-
sures the integrity of tRNA termini maturation even after initial
processing of the pre-tRNA transcript. In conclusion, a large num-
ber of tRNA processing pathways are present in the cell and pre-
serve the correct sequence, folding and functionality of the ﬁnal
tRNA molecule even if the tRNA gene is distorted or lacks con-
served tRNA features. These processing pathways can be quality-
control mechanisms to ensure the presence of essential tRNA fea-
tures and might also enable the cell to mutate its genome at other-
wise strictly conserved regions.
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